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Scheme 1. Schematic diagram of the colorimetric acetycolinesterase assay
Alzheimer's disease is a highly prevalent neurodegenerative disease that is characterized initially by the selective loss of cholinergic neurons in the basal forebrain. The loss of cholinergic cells, particularly in the basal forebrain, is accompanied by the loss of the neurotransmitter, acetylcholine.
1 Acetylcholinesterase inhibitors form the basis of the newest drugs available for the management of this disease because this enzyme rapidly hydrolyzes the active neurotransmitter acetylcholine into inactive compounds, choline and acetic acid.
2 These inhibitors can treat Alzheimer's disease by increasing the level of acetylcholine by blocking the activity of acetylcholinesterase. Many compounds have been synthesized by combinatorial chemistry to discover acetylcholinesterase inhibitors rapidly.
3 Combinatorial chemistry enables to large libraries of compounds to be synthesized within a short time period, and the libraries of compounds have enabled the development of many potential acetylcholinesterase inhibitors as drugs for Alzheimer's disease. 3, 4 However, one of the bottlenecks in drug discovery is the selection of drug candidates from the many compounds in these libraries. 5 To overcome this problem, high-throughput screening methods were used to screen large libraries of potential drug candidates. 6 Previously, many high throughput screening compatible methods for acetylcholinesterase have been developed based on fluorescent dyes, chromogenic dyes, gold nanoparticles, silver nanoparticles, polymer, mass spectroscopy, high performance chromatography and thin layer chromatography.
7 Among these methods, the most common is an organic dye based-method that involves the activation of an enzyme cascade, where acetylcholinesterase hydrolyses acetytholcholine to thiolcholine. The subsequent product produces a colorimetric product by reacting with thiol reactive chromogenic dyes, such as 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB or Ellman's reagent). 8 Although the colorimetric method is used widely, the method suffers from low sensitivity, low signal/noise ratio and high background absorbance when used as a high throughput screen for a large size library.
7i As a result, other colorimetric high throughput screening methods of a library of acetylcholinesterase inhibitors are needed.
Gold nanoparticles (AuNPs) can be a good thiol reactivechromogeic dye for a thioester-based enzyme assay, such as acetylcholinesterase, because they have 3 -5 orders of magnitude higher extinction coefficients than organic dye molecules. Moreover, when AuNPs are exposed to thiol, they aggregate immediately to induce a dramatic red to blue color change. However, unmodified AuNPs, such as citric acid-caped AuNPs, are difficult to use in the real-time monitoring of the activity of the target enzyme because the AuNPs are quite sensitive to a range of factors, such as the electrolyte concentration, pH of the buffer and protein concentration.
9 Therefore, a change in any of the abovementioned parameters results in irreversible aggregation of unmodified AuNPs as well as a significant red shift in the absorbance spectrum. Therefore, unmodified AuNPs are difficult to use for the real-time monitoring of the activity of the target enzyme. To solve these problems, the properties of ATP-stabilized gold nanoparticles (sAuNPs) were recently employed for the real-time monitoring of the activity of protease. 10 The sAuNPs are stable in a buffer solution in the presence of high salt concentrations. However, the color of the sAuNPs solution changes immediately when exposed to the thiol produced by the target enzyme, which hydrolyzes the thioester bond on the substrate. In this paper, the strategy of the enzyme assay method was expanded to assay the activities of acetylcholinesterase and its inhibitors.
In this assay, sAuNPs and acetylthiocholine (1) were used. The thioester bond can be cleaved catalytically using acetylcholinesterase, and the hydrolyzed product (thiocholine) can react with sAuNPs. This process causes a change in the optical properties of the sAuNPs, and an assay of the enzyme activity becomes possible as Scheme 1. Firstly, the stability of the AuNPs stabilized with various concentrations of ATP was tested in the presence of 1 because the stability of sAuNPs to a thioester is quite sensitive to the ATP concentration. The sAuNPs are stable to acetythiocholine in the case of AuNPs stabilized with higher concentrations of 10 μM ATP (see supplemental infor- mation). Therefore, the AuNPs stabilized by mixing ATP (20 μM) with AuNPs (diameter: 13 nm) combined with acetylthiocholine were utilized in this assay. A mixture of sAuNPs and 1 was used to evaluate the enzymatic activity of acetylcholinesterase. As acetylcholinesterase hydrolyzes 1, the sAuNPs are aggregated, generating a blue color due to the sAuNPs reacting with the hydrolyzed product (thiocholine). The color can be observed by the naked eye, or the absorbance (680 nm) can be measured by UV-vis spectroscopy. In a typical experiment, known concentrations of acetylcholinesterase were added to the assay mixture containing sAuNPs and 1 (10 μM) in a pH 7.0 buffer solution (10 mM sodium phosphate buffer (SPB) + 10 mM NaCl). Upon hydrolysis of the thioester in 1 by acetylcholinesterase, the color of the sAuNPs solution changed dramatically from red to blue at a specific time. By measuring the absorbance of the solution at 680 nm (Figure 1 ), quantitative analysis of the acetylcholinesterase-catalyzed hydrolysis of 1 was carried out, and the reaction rate increased with increasing enzyme concentration. The kinetics of this assay showed unusual behavior in that the absorbance of the solution changed dramatically at a specific time, which may be due to the aggregation of sAuNPs when the surface of the AuNPs are modified with thiocholine beyond a certain point. Therefore, unlike a thiol reactive organic dye based-acetylcholinesterase assays, the kinetic parameters in an acetylcholinesterase assay and its inhibitor assay, such as IC50 and Kcat, could not be analyzed using this assay.
Although this assay could not analyze the kinetic parameters, this method can has several advantages in screening a large size library compared to previous colorimetric acetylcholinesterase assays, such as the wildly used Ellman reagent based-assay. This method is more sensitive than the Ellman reagent based assay. 11 A high throughput assay (HTS) format based on the UV-vis detection of Ellman reagent is problematic for HTS because the screening libraries often contain compounds that absorb strongly at 412 nm. However, this method can be free of these problems because it monitors the activity of acetylcholinesterase by measuring the absorbance of sAuNPs at 680 nm. In particular, because the absorbance of the assay solution changed dramatically at a specific time (Figure  1a) , the unusual kinetic behavior in this assay enhances the signal/noise ratio when a large size library of acetylcholinesterase inhibitors is screened using the end-point method.
To demonstrate the advantage of this assay, the proposed assay was used to evaluate the relative activity of the acetylcholinesterase inhibitors. In a typical assay, acetycholinesterase was added to a control solution and to the assay solutions containing one of the following acetylcholinesterase inhibitors: tarcrine, and pyridostigmined. 12 The inhibitor activity was monitored at 680 nm as a function of time (sample scan rate: 30 s ). As shown in Figure 2 , the absorbance changed over a very narrow time range, and the time at which the absorbance of the assay solution shows a 50% change (T a50 ) can be used as a parameter of inhibition. The inhibitors decrease the acetylcholinesterase activity, and increase the T a50 , and hence, the corresponding time required for a solution color change. The inhibitors studied exhibited the following trend in the Ta50 values: tarcrine > pyridostigmined > control (Figure 2 ). This order is consistent with the activities of the inhibitors to acetylcholinesterase re- Bull. Korean Chem. Soc. 2011, Vol. 32, No. 1 331 ported in the literature. 12 In particular, at a specific time, sharp absorbance changes enable the selection of clearly more potent inhibitors than a specific inhibitor in a library. For example, at 400 seconds, compared to the absorbance of the assay solution containing pyridostigmine, the absorbance of the control assay solutions and the solution containing tacrine was > 0.2 and < 0.15, respectively. Therefore, tacrine was found to be a more potent inhibitor than pyridostigmine by measuring the off/on signals at a specific time. The property in this assay can be very useful for end-point analysis.
Notes
In conclusion, a new colorimetric assay for screening the acetycholinesterase activity and for determining the relative inhibitory activity of the acetycholinesterase inhibitors was developed using a mixture of 1 and sAuNPs. This method is more sensitive than the widely used Ellman reagent basedcolorimetric assay. In particular, with this screening method, a dramatic color change occurs over a very narrow time range, which enables the activities of acetycholinesterase inhibitors to be discriminated easily with high signal/noise ratios in an end-point assay.
Experimental Section
Chemicals. All chemicals used were of analytical grade or of the highest purity available. Chloroauric acid (HAuCl4·3H2O), citric acid, tarcrine, pyridostigmined, and acetycholinesterase (from Electrophorus electricus) were purchased from Sigma Aldrich (USA). All glassware was cleaned thoroughly with freshly prepared aqua regia (3:1 (v/v) HCl/HNO 3 ) and rinsed thoroughly with Milli-Q water prior to use. Milli-Q water was used to prepare all the solutions in this study.
Preparation of AuNPs. All glassware was washed with freshly prepared aqua regia (3:1 = HCl:HNO 3 ) followed by extensive rinsing with doubly distilled H2O. Citric acid stabilized Au particles with a diameter of 13 nm were prepared by adding 50 mL of a citrate solution (38.8 mM) to 500 mL of boiling 1.0 mM HAuCl4·3H2O with vigorous stirring. After the appearance of a deep red color, boiling and stirring were continued for 15 min.
Colorimetric Screening Assay. AuNPs (diameter: 13 nm; 3 nM) were mixed with ATP (20 μM) and stabilized by incubation in distilled water. After incubation for 5 min, the concentration of the mixture was adjusted using 10 mM sodium phosphate buffer (pH 7.0, 10 mM NaCl) and acetylthiocholine (20 μM) so that the final concentration of the AuNPs and ATP were 3 nM and 20 μM, respectively. The assay was initiated by adding acetycholinesterase from Electrophorus electricus (20 mU/mL) to the assay mixture, and the hydrolysis kinetics were monitored by UV-vis spectroscopy at the extinction wavelength of 680 nm. The solution was continuously stirred at room temperature with a magnetic stir bar to ensure homogeneity.
